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We show that multiple Abelian sectors with Stu¨ckelberg mass-mixing simply break supersymmetry
via Fayet-Iliopoulos D-terms and straightforwardly mediate it to the other sectors. This mechanism
naturally realizes a split supersymmetry spectrum for soft parameters. Scalar squared-masses (holo-
morphic and non-holomorphic) are induced through sizable portals and are not suppressed. Gaugino
masses, a-terms and a µ-like term are generated by higher-dimensional operators and are suppressed.
The hypercharge is mixed with extra U(1)’s, it’s D-term in non-vanishing and supersymmetry is
broken in the visible sector too. Scalar tachyonic directions are removed by unsuppressed interac-
tions and hypercharge is preserved as supersymmetry is broken. Moreover, if a singlet chiral field
is charged under additional U(1)’s proportional to its hypercharge, new interaction terms in the
Ka¨hler potential and the superpotential are added through Stu¨ckelberg compensation. In this case
supersymmetry is broken via F -terms or mixed F and D-terms.
Introduction
Additional Abelian gauge symmetries has long been
considered as a natural extension of the Standard
Model (SM) or its supersymmetric version. They
are predicted from (and vastly ubiquitous in) string
compactifications/D-brane constructions and grand uni-
fied theories [1–3]. Sectors accommodating Abelian mul-
tiplets interact through efficient portals. The Hyper-
charge of the SM mixes with the extra U(1)’s through
kinetic terms [4] and mass terms a la the Stueckelberg
mechanism [5]. Besides rich phenomenological implica-
tions for the SM, the physics in the hidden/dark sectors
can be probed via these unsuppressed mixings [6–15]
On the other hand in a supersymmetric theory, an
important task is to find a mechanism for supersymme-
try (SUSY) breaking and computing soft parameters. In
phenomenologically acceptable models, SUSY is broken
in a secluded sector with no direct coupling to the su-
persymmetric SM. A mediation mechanism is necessarily
devised the nature of which determines soft parameters
and thereby the low energy phenomenology (see [16]).
In this paper, applying multiple U(1)’s with
Stu¨ckelberg mixing, we provide a simple model for SUSY
breaking via Fayet-Iliopoulos (FI) D-terms [17] . In the
simplest realization, there are two U(1) vector multiplets
with one Stu¨ckelberg chiral superfield so that one diag-
onal vector field is the massless hypercharge. With one
non-zero FI parameter, SUSY is generically broken at
tree-level and its effect is straightforwardly transferred
to the other multiplets. Soft SUSY breaking parameters
can be computed. As we will seem, the scalar squared-
masses (both holomorphic and non-holomorphic) are di-
rectly coupled to the SUSY breaking sectors and there-
fore are not suppressed. On the other hand, gaugino
masses are induced through higher-dimensional operators
with are suppressed by the scale of some R-symmetry
breaking dynamics. This SUSY breaking dynamics is
a simple realization of split SUSY [18–20]. Moreover,
as the hypercharge is mixed with the massive vector,
it’s D-term is non-zero and SUSY is also broken in the
SM sector. However as scalars are coupled to the ex-
tra U(1) via an efficient portal, the supertrace constraint
is alleviated and the mass spectrum is phenomenologi-
cally acceptable. For the same reason, non of scalars
are tachyonic as it normally happens in FI SUSY break-
ing models. In fact, there are universal contributions
to the charged scalar fields which can take over charge-
dependent sources. Therefore, the gauge symmetry re-
mains intact as SUSY is broken. The scale of SUSY
breaking is set by the FI parameter which, for the sake
of collider phenomenology, can be dynamically generated
in a supersymmetric gauge sector a la retrofitted FI mod-
els [21].
In a less minimal model, if the (non-Abelian singlet)
matter fields are charged under extra U(1)’s proportional
to their hypercharge (right-handed leptons as candidates)
then the Stu¨ckelberg field can be applied to make new
singlets. Consequently, new terms in the Ka¨hler potential
and the superpotential can be assumed. In this case,
SUSY can be broken via non-zero F -term too.
The structure of this paper is as follows; In the next
section we present the general picture of the SUSY break-
ing dynamics and induced soft parameters. Then we
study two simple models to explicitly realize this mech-
anism. Finally, we summarize in the last section.
SUSY Breaking and Mediation: Generalities
To start, we consider nV Abelian sectors with vec-
tor superfields V a and nS chiral superfields S
m in
non-linear representation of the gauge groups. Besides
gauge-invariant kinetic mixing fabWa ·Wb, where Waα =
− 14D¯2DαV a, Abelian sectors can mix via nS portals in
the Ka¨hler function as
KStuckelberg = M
2
[
2αaV a + βm(Sm + Sm†)M−1
]2
, (1)
where a = 1, · · · , nV , m = 1, · · · , nS and α, β are some
constant. It is invariant under the gauge transformations
V (a) → V (a) + Λ(a) + Λ†(a),
βmSm → βmSm − 2MαaΛa. (2)
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In general, we could use dimensionless gauge singlet
O = 2αaV a + βm(Sm + Sm†)M−1, (3)
to parametrize the Kahler potential
K ⊃M2F [O], (4)
where F is an arbitrary function F ∼ O+O2 + · · · fixed
by a specific UV physics. We note that the Stu¨ckelberg
Ka¨hler potential in (1) is 1/2M2O2F ′′[0]. The Lagrangian
is computed by full superspace integration
L = 1/16M2∑4n=11/n! F (n)|θ=θ¯=0 D2D¯2On
= αaDaF ′|
+ 1/2!
[
1/2(2αaAaµ + β
m∂µσ
m)2+2βmαa(ψmλa+ h.c.)
+1/2βmβn∂µs
m∂µs
n + iβmβnψmσµ∂µψ¯
n
+2βmβnFmFn∗
]F ′′|
+ 1/3!βmβnβp(Fmψnψp + h.c +Amψnσψ¯p)F ′′′|
+ 1/4!βmβnβpβqψmψnψ¯pψ¯qF ′′′′| . (5)
(Pseudo)scalars s and σ are the real and imaginary parts
of the lowest component of S respectively. Powers of M
are suppressed throughout this paper and can be restored
on dimensional ground. The Ka¨hler term (4) gives mass
to nS vector fields and Dirac mass to nS gauginos.
Moreover, it contributes to the scalar potential
V ⊃ −αaDaF ′|(s)− 2βmβnFmFn∗F ′′| (s), (6)
where s = βmsm. It induces an effective field-dependent
FI parameter αaF ′| (s). It implies that SUSY can be spon-
taneously broken via non-zero D-terms is the Abelian
sectors. We consider two pure U(1) gauge theory with
at least one genuine FI parameter ξa. Given the gauge
kinetic terms, the D-terms are computed
−Da = αaF ′| (s) + ξa, a = 1, 2. (7)
There are two conditions on one field s; thus generi-
cally D-terms cannot be simultaneously vanishing and
SUSY is broken. The FI parameter ξ, introduced through
K ⊃ 2ξaV a, sets the scale of SUSY breaking. It can be
either induced a la retrofitted FI models [21] or a field-
dependent one from dynamics at higher scale. One lin-
ear combination of moduli is stabilized at s0 which is
found by solving V,s = 0 giving either F ′| (s),s = 0 or
F ′| (s) = −ξaαa(αaαa)−1.
The SUSY breaking effect can be mediated to the su-
persymmetric SM sector in many different ways. In this
framework, there is a straightforward portal via the di-
mensionless gauge singlet (3). We note that 〈O〉D =
αaDa or generally
〈F [O]〉D ⊃ F ′|
∑
aα
aDa. (8)
Therefore, the real superfield (3) can be applied in the
Ka¨hler potential to mediate SUSY breaking and induce
soft parameter. In passing we note that there possibly are
suppressed F -term contributions βmβnFmFn∗F ′′| M−2
that we ignore for the rest of analysis.
To be more specific and for later phenomenological ap-
plications, we have in mind a supersymmetric model with
gauge group G × U(1)Y ′ × U(1)n where G is some non-
Abelian factor. There are n additional Abelian groups
which are mixed with U(1)Y ′ and there might be or not
light matter charged under them. We distinguish U(1)Y ′
to emphasize that there are Y ′-charged chiral matter (for
the rest of the paper, we reserve index a for extra U(1)’s).
In fact, the hypercharge is a diagonal subgroup of U(1)’s
and in order to have at least one massless U(1) at low
scale, there are at most n Stu¨ckelberg superfields. As
SUSY is broken in the Abelian sectors with charged mat-
ter fields, matter directly feel the SUSY breaking effect.
In the following we compute soft parameters.
a. Scalar masses are induced through the Kahler
potential
K ⊃ ci(φ†ie2gGVG+2q
i
Y gY VY φi)G[O], (9)
which implies
m20,i ∼ qiY gY 〈DY 〉+ ci
∑
aαa〈Da〉G′| . (10)
Interestingly, there is a charge-independent contribution
which would lift the supertrace constraint. In fact, SUSY
breaking at tree-level in a globally supersymmetric the-
ory with canonical Ka¨hler potential implies [22]
strM2 ≡ (−1)2s(2s+ 1)M2s = −gaDa
∑
qi. (11)
It is not favored phenomenologically as it predicts an
sfermion lighter than all fermions. Moreover without
superpotential mass parameter, some of them might be
tachyonic and break gauge symmetries. However in this
framework, we find that the supertrace is modified by the
above coupling as
strM2 = −[gY 〈DY 〉∑qi +∑aαa〈Da〉G′|∑ci]. (12)
Apparently, there is a charge-independent source so that
the weighted sum could be made positive-definite over
the full spectrum or any arbitrary multiplet of particles.
Moreover for the same reason, one can get the MSSM
hypercharge FI parameter to break supersymmetry at
tree-level through non-zero D-term. One can fix param-
eters in the Ka¨hler potential so that all scalar directions
are non-tachyonic and SUSY breaking minimum occurs
at zero field values. Normally, tachyonic directions are
removed by superpotential mass terms which is not an
option in the MSSM, and so, pure hypercharge D-term
SUSY breaking was not possible in the MSSM without
breaking electromagnetic or color symmetry.
It is interesting to note that, besides the sizable por-
tal we discussed above, the Ka¨hler potential (9) induces
other important portals
L ⊃ (αaAaµ + ∂µσ)2φ∗φ+ αa(φ∗χλa + h.c.). (13)
The first term is called the gauge portal and the second
term is an example of portalino.
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b. Gaugino masses can be worked out from this
Kahler potential
K ⊃ cAtr(WA ·WA + h.c.)I[O]Λ−1R , (14)
where A runs over all Abelian and non-Abelian gauge su-
perfields. This operator in suppressed by some mass scale
ΛR at which R-symmetry is broken. Majorana gaugino
masses are computed as
M1/2,A = cA(αYDY +
∑
aαaDa)I ′|Λ−1R . (15)
For n Abelian gauginos, there are also supersymmetric
Dirac mass from Stu¨ckelberg mixing that we must take
care of when diagonalizing the gaugino mass matrix.
c. Holomorphic scalar mass and a-terms are in-
duced through
K ⊃ (W2 + h.c.)J [O] + (W3 + h.c.)J [O]Λ−1, (16)
where W2 and W3 include bilinear and trilinear terms
respectively. It implies that
L ⊃ (W2| + h.c.)J ′| (αYDY +
∑
aαaDa)
+ (W3| + h.c.)J ′| (αYDY +
∑
aαaDa)Λ
−1. (17)
We note that the holomorphic mass parameters (Bµ-like)
are not suppressed. However, the trilinear a-terms are
suppressed by a factor of Λ which is set by UV physics.
We note that, the first Ka¨hler term also generates sup-
pressed masses for chiral fermions (Higgsino-like)
m1/2 ⊃ βmFm∗J ′|M−1, (18)
given that F -term components of Stu¨ckelberg superfields
are non-zero.
d. µ(like)-term Finally, a µ-like can also be induced
as a result of SUSY breaking dynamics via
K ⊃ (D2W2 + h.c.)K[O]Λ−1, (19)
which implies
µ = K′|(αYDY +
∑
aαaDa)Λ
−1. (20)
The above soft parameters would be seen as a realization
of split SUSY spectrum [18–20].
Simple Prototype Models
In this section, we take simple models to study the
dynamics of SUSY breaking and compute, in particu-
lar, the scalar mass spectrum. Models can be distin-
guished based on representation of chiral matter under
G × U(1)Y ′ × U(1)n. In general, matter fields are in
some representation [r, qY ′ , qa] and we assume there is
no gauge anomaly.
We start with a model whose matter fields φi± are in
[r(r′),±, 0] in representation and for now r 6= r′. They
carry charges of hypercharge and are in some non-trivial
representation of G so that no superpotential mass pa-
rameter is allowed (as the matter of the MSSM). The full
Ka¨hler potential is parametrized as
K = φ±φ
†
±e
2gGVG±2gY VY (1 + c±G[O]), (21)
where G is an arbitrary function of (3). The hypercharge
is mixed with extra U(1)’s thus we need to redefine the
hypercharge vector superfield so that kinetic terms and
the interactions take the canonical form. The D-terms
are computed from the Ka¨hler potentials (4) and (21)
and the gauge kinetic terms
−Da = αaF ′| (s) + αaG′|(s)
(
c+|φ+|2 + c−|φ−|2
)
+ ξa,
−DY = αY F ′| (s) + gY
(|φ+|2 − |φ−|2)+ ξY . (22)
Generically, there are nF (for nF flavor of matter) holo-
morphic conditions from the superpotential as ∂iW [φi] =
0. They can be satisfied if φi = 0 in the minima. On
the other hand, the D-terms cannot be simultaneously
vanishing if there are at least one extra U(1) besides
the hypercharge and at least one FI parameter. Con-
sequently, supersymmetry is generically broken at tree
level in Abelian sectors a la traditional FI mechanism.
The scalar mass of chiral matter are computed
−L ⊃ [± gY (αY F ′| (s) + ξY )
+ c±αaG′|(s)(αaF ′| (s) + ξa)
]|φ±|2. (23)
The first line is the charge-dependent contribution from
the hypercharge sector and the second line gives a charge-
independent contribution. If the latter is positive-definite
and takes over the former, then SUSY is spontaneously
broken in a minimum where no scalar component re-
ceives a vev. Apparently, there is a wide range of pa-
rameters/field values that the above condition is satis-
fied. Thus, gauge symmetry remains unbroken alongside
SUSY breaking.
The SUSY breaking vacuum can be found around
〈φi〉 = 0 using V,s = 0. For a simple model in which
F = O2 and G = O with one non-zero ξX we find
F ′| (s0) = −αXξX(αAαA)−1. (24)
Then, the D-terms are
〈DX〉 = ξXα2Y (αAαA)−1, (25)
〈DY 〉 = ξXαXαY (αAαA)−1. (26)
The soft scalar masses are computed
m2± = ±gY 〈DY 〉+ c±αa〈Da〉
= ξXαXαY [±gY + c±αY ](αAαA)−1. (27)
which can be made positive definite.
Next, we consider chiral fields in either representa-
tion [1,±, 0] or [r(r¯),±, 0] so that a supersymmetric mass
term in the superpotential W ⊃ mφ+φ− is allowed (like
the Higgs sector of MSSM). Moreover, the following can
be added to the Ka¨hler potential
K ⊃ (φ+φ− + h.c.)G˜[O], (28)
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for arbitrary G˜. The D-terms are computed
−Da = αaF ′| (s) + αaG′|(s)
(
c+|φ+|2 + c−|φ−|2
)
+ ξa
+αaG˜′|(s)(φ+φ− + h.c.),
−DY = αY F ′| (s) + gY
(|φ+|2 − |φ−|2)+ ξY
+αY G˜′|(s)(φ+φ− + h.c.). (29)
Again with nF holomorphic conditions, D-terms and F -
terms cannot be simultaneously vanishing if there is at
least one extra U(1) and at least one FI parameter. The
scalar masses in (23) receive a supersymmetric contribu-
tion −L ⊃ m2|φ±|2.
In passing we note that matter can be charged un-
der some extra U(1)’s. However for the above conclu-
sion to hold, there must be at least one additional U(1)
under which matter is neutral i.e. in representation
[r,±,±q1, · · · , 0]. In general, the scalar masses are
m2± = m
2 ±∑iqigi〈Di〉+ c±G′|(s)∑aαa〈Da〉, (30)
i runs over charged U(1)’s and a runs over neutral U(1)’s
Finally, there is an interesting case that G-singlet
matter are charged under all U(1)’s (which are
mixed through Sta¨ckelberg) such that qY gY α
−1
Y =
qagaα
−1
a ≡ 2γ. Namely, they are in representation
[1,±qY ,±qY gY αa/gaαY ]. Interestingly, the SM right-
handed leptons can be put in these representations.
All U(1) charges are proportional to the hypercharge
and thus these representations are anomaly free. The
Stu¨ckelberg superfield, as a compensator, can be applied
to make new invariants
φe−γS and φ†e−γS
†
. (31)
The general superpotential is
W ∼ φi · · ·φje−(γi+···+γj)S ⊃ φie−γiS + φ2i e−2γiS + · · · ,
+ φiφje
−(γi+γj)S + · · · . (32)
It is interesting to note that for such representations,
linear terms in the superpotential are possible. Moreover,
the Ka¨hler potential is extended as follows
K ∼ (φe−γS + h.c.)Gˆ[O] + φφ†e−γ(S+S†)G˜[O]
+ φφ†e±2gY VY ±2qagaVaG[O] + · · · . (33)
New interaction terms are possible through Stu¨ckelberg
compensation. The Ka¨hler potential is not canonical and
thus the Ka¨hler metric is not diagonal.
To be more explicit, we study a simple model of two
chiral multiplets φ± of charges (±,±gY αa/gaαY ) under
U(1)Y ×U(1)a. The leading terms in the superpotential
are given by
W = λ±φ±e∓γS + µ±φ2±e
∓2γS + µφ+φ−
+ κ±φ2±φ∓e
∓γS + η±φ3±e
∓3γS + · · · . (34)
The leading order terms in the Ka¨hler potential are
K ∼(φ±e∓γS + φ2±e∓2γS + φ+φ− + h.c.)Gˆ[O]
+
(
φ±φ
†
∓e
∓γ(S−S†)+ h.c.+ φ±φ
†
±e
∓γ(S+S†))(1+G˜[O])
+ φ±φ
†
±e
±2gY VY ±2qagaV a(1 + G[O]), (35)
where we suppress order one coefficients for brevity.
From superpotential we find that
W,± = λ±e∓γS+ 2µ±φ±e∓2γS+ µφ∓ + · · · ,
Ws = ∓γφ±e∓γS + · · · . (36)
The D-terms in the canonical basis are computed
−Da = αaF ′| (s) + gaqa
(|φ+|2 − |φ−|2)+ ξa
+ αaGˆ′|(s)(φ±e∓γs + φ2±e2∓γs + φ+φ− + h.c.)
+ αaG˜′|(s)(φ±φ∗∓e∓γ(S−S
∗) + h.c.). (37)
Clearly, the F and D-terms are not simultaneously van-
ishing and SUSY is broken.
Given the general Ka¨hler potential and superpotential,
the scalar potential is computed in the appendix and the
full mass spectrum is derived. In particular we find the
scalar masses as
m2± = µ
2 + 4µ2±e
∓4γs0 ±∑aqaga[αaF ′| (s) + ξa]. (38)
There are supersymmetric charge-independent contribu-
tions to overcome the destabilizing charge-dependent one
so that neither fields are tachyonic. Therefore, 〈φ±〉 = 0
is certainly possible for a broad range of parameters.
Around the above symmetry preserving minimum, the
scalar potential is computed
V = 1/2[αaF ′| (s) + ξa]2 + λ2+e−γs + λ2−eγs. (39)
Apparently, the vacuum energy is non-zero and SUSY is
broken at tree-level through mixed F and D-terms [17,
23]. In this case, the FI parameters can be zero or non-
zero of either sign.
Conclusion
In this paper we presented simple FI SUSY break-
ing models with multiple Abelian sectors mixed through
Su¨ckelberg mass-term. SUSY breaking effects are
straightforwardly mediated to the SM sector. We ob-
served that this framework predicted a split SUSY break-
ing spectrum with heavy scalars and light gauginos. At
least one FI parameter is needed which sets the scale
soft parameters. We also studied a very particular model
with matter with hypercharge-mirrored U(1) charges. In
that scenario, SUSY is broken via either pure F -term or
mixed F and D-terms. We noted that, although SUSY is
also broken in the visible sector, a realistic mass spectrum
can be achieved. We expect that the MSSM phenomenol-
ogy in this framework is very rich and we postpone its
detailed study to a work in preparation.
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Appendix
In this appendix, given a general superpotential,
Ka¨hler potential and gauge kinetic term, we compute
the mass matrices assuming Stu¨ckelberg/kinetic mixing.
Generally, the dynamics in the (Abelian) gauge sectors
is accounted for through
L ⊃
∫
d2θ
(
fab + fabW
)
Wa ·Wb + h.c., (40)
where fab = 18pii
( τa 
 τ b
)
and τ is the complexified cou-
pling (θ/2pi) + i(4pi/g2). Moreover, we can add the fol-
lowing to the action
L ⊃
∫
d2θd2θ¯hab(W
a ·Wb + h.c.)K. (41)
In the above f and h are symmetric matrices in the field
space. The kinetic mixing can be removed by diagonaliz-
ing f, however, the matrices f and h could not be made
into diagonal form simultaneously. Gauge dynamics in
the non-Abelian sectors follows straightforwardly.
The total action can be read from superspace integra-
tion of the above superpotential and the Ka¨hler potential
[24]. We are interested in SUSY breaking minima and the
spectrum of particles around them. Therefore, it is use-
ful to find the mass matrices. We let I runs over chiral
superfields φi and S (Note that contributions from (40)
and (41) can be taken care of by letting I run over φi, S
and also Wa ·Wb. The scalar, fermion and auxiliary com-
ponents of the latter includes −λaλb, −λaDb and DaDb
and we explicitly use in the mass matrices below).
The fermionic mass matrix can be read from fermion
bilinear terms in the total action as follows
[M1/2]IJ =W,IJ + gK¯I,JF
∗K¯ + gIJhabDaDb,
[M1/2]Ia=−i
√
2Ka,I−
i√
2
fabW,ID
b+2
√
2igIJ¯habF
∗J¯Db,
[M1/2]ab=−1
2
fabW,IF
I−2habKcDc+2habgIJ¯F IF ∗J¯,(42)
which has both supersymmetric and supersymmetry
breaking sources. It is an (Nf +NS +NV )× (Nf +NS +
NV ) matrix which mixes chiral fermion-gaugino spinors
in flavor basis.
In the above gIJ¯ = K,IJ¯ and the Killing potential Ka
can be determined through [24]
gIJ¯Y∗aJ¯ = iKa,I and gIJ¯YaI = −iKa,J¯ . (43)
The Killing vectors Ya are fixed via gauge transforma-
tions δφI = YaIa. It also takes care of (41) if one lets I
run over all chiral superfields including Wa ·Wb. Here,
the gauge transformations are as follows
δs = − i
2
Mαaa , δφi = −igqiφi, (44)
The scalar mass matrix, which receives supersymmet-
ric and non-supersymmetric contributions, is determined
from the scalar potential as
[M20 ]IJ¯ = gKL¯,IJ¯F
KF ∗L¯ + gK¯L¯,I W
∗
,K¯J¯F
∗L¯ + gKL,J¯ W,KIF
L
+ gKL¯W,KIW
∗
,L¯J¯ + f
−1abKa,IKb,J¯ +Ka,IJ¯Da,
[M20 ]IJ = (g
KLW,KIJ + g
KL
,I W,KJ + g
KL
,J W,KI)F
L
+ gKL¯,IJF
KF ∗L¯ + f−1abKa,IKb,J +Ka,IJDa
+ fabD
aDbW,IJ . (45)
Finally, the mass matrix of vector fields is given by [24]
[M21 ]
ab = 2gIJ¯Ka,IKb∗,J¯ , (46)
The auxiliary fields F I and Da can be integrated out
from the action by using their equation of motion
gIJ¯F
I − 1
2
gIJ¯,Kχ
IχK +W ∗¯J +
1
4
fabW
∗¯
J λ¯
aλ¯b = 0,(47)
Re(fab+fabW0)D
b+
1
2
√
2
(ifacW,Iχ
Iλc+h.c.)+Ka=0,(48)
Then, the scalar potential reads as
V = gIJ¯W,IW ∗,J¯ +
1
2
f−1ab KaKb, (49)
from which we determine the scalar mass matrix
M20 =
( V,IJ¯ V,IJ
V,I¯J¯ V,I¯J
)
. (50)
The fermion mass matrix is written as follows
[M1/2]IJ = W,IJ − ΓKIJW,K + gIJ f−1ab f−1ac KbKc,
[M1/2]Ia = −i
√
2Ka,I+
i√
2
Kcf−1bc fab,I+i
√
2gIJ¯F
∗J¯ f−1ab Kb,
[M1/2]ab =
1
2
fab,Ig
IJ¯W ∗,J¯ + habf
−1
cd α
cKd. (51)
Finally using above, the supertrace is computed as
strM2= 2gIJ¯V,IJ¯ + 6gIJ¯Ka,IKb∗,J¯ − 2δabM1/2acM†1/2cb
−2gIJ¯gKL¯M1/2IKM†1/2J¯L¯−2gIJ¯δabM1/2IaM
†
1/2bJ¯
= 2KK,IJ¯gIJ¯ − 2RIJ¯W,IW ∗,J¯ − 2Kf−2KgIJ¯f,If∗,J¯
− 1
2
gIJ¯gKL¯f,IW
∗
,J¯f
∗
,L¯W
∗
,K − 2V(f,IgIJ¯W ∗¯J + h.c.)
− 4f−1KgIJ¯(K,If∗,J¯ + h.c.)− 4(Kf−2K)gIJ¯FIF∗¯J
− 2(Kf−2K)(W,I¯I¯ − ΓJ¯I¯I¯WJ¯ + h.c.)
+ (Nf +NS)(Kf−2K)2 + 4Kaf−1ab (Kb,IFI + h.c.)
+ 2f−1bc f
−1
ad KcKd(fab,IFI + h.c.)− 8V2. (52)
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